The Mfsd14a gene, previous called Hiat1, encodes a transmembrane protein of unknown function 29 with homology to the solute carrier protein family. To study the function of the MFSD14A protein, 30 mutant mice (Mus musculus, strain 129S6Sv/Ev) were generated with the Mfsd14a gene disrupted 31 with a LacZ reporter gene. Homozygous mutant mice are viable and healthy but males are sterile 32 due to a 100-fold reduction in the number of spermatozoa in the vas deferens. Male mice have 33 adequate levels of testosterone and show normal copulatory behaviour. The few spermatozoa that 34 are formed show rounded head defects similar to those found in humans with globozoospermia. 35
Introduction 43
Spermatogenesis is the developmental process by which spermatozoa are produced from 44 spermatogonial germ cells in the gonads (Grootegoed, et al. 1995 , Jan, et al. 2012 . At the start of 45 this process, spermatogonial cells give rise to primary spermatocytes, which progress through 46 meiosis to produce haploid spermatids. The spermatids subsequently undergo spermiogenesis, a 47 complex series of morphological changes to form spermatozoa (Toshimori and Ito 2003) . During 48 spermiogenesis, chromatin condensation and nuclear remodelling occur and formation of the 49 acrosome that contains glycosylated enzymes essential for egg fertilization. The acrosome is formed 50 by fusion of pro-acrosomal vesicles, derived from the Golgi apparatus, which fuse to form a cap 51 structure over the nucleus. A flagellum with the central 9 + 2 microtubular axoneme is also formed 52 during spermiogenesis and contains a mid-piece packed with mitochondria to provide energy for 53
motility. 54 55
Defects in spermiogenesis contribute to male infertility problems in humans. Globozoospermia is 56 one such syndrome that is found in around 0.1% of infertile men (Dam, et al. 2007a) . The disorder 57 is characterized by round-headed sperm with a disrupted acrosome and abnormal mitochondrial 58 localization. Genes that cause globozoospermia have been identified in mutant mice and include 59
Atg7 (Wang, et al. 2014) , Ck2 (Xu, et al. 1999) , Dpy19l2 (Pierre, et al. 2012) , Gopc (Yao, et al. 2002) , 60
Hrp (Kang-Decker, et al. 2001) , Hsp191 (Audouard and Christians 2011), Pick1(Xiao, et al. 2009) , 61
Genotyping transgenic mice. 111
Mice were genotyped by PCR using genomic DNA from ear biopsies. 
RT-PCR. 118
Total RNA was prepared from testes using a SV Total RNA Isolation kit Z3101 (Promega, 119
Southampton, UK) and converted into cDNA using a GoScript™ Reverse Transcription Kit, A5000 120 (Promega) according to the manufacturer's instructions. All primer pairs spanned introns to 121 eliminate any amplification from genomic DNA and RNA samples were included without a reverse 122 transcription step as a negative control. Primer pairs were: mHprtF 123 
Sperm and germ cell counts 131
Mice were killed and sperm isolated from a fixed length of the vas deferens by squeezing into 100 132 µl of 1% PBS. A 25 µl sample was loaded onto a haemocytometer and the number of sperm 133 counted. For quantitation of germ cells, haematoxylin and eosin stained sections at stages IV/V/VI 134 of the seminiferous cycle were photographed at the same magnification and the number of each 135 germ cell type counted in a 100 m x 200 m rectangle drawn on the photomicrograph. Countswere made from 49 rectangles for wild-type mice (n=4) and from 48 rectangles for mutant mice 137 (n=4). 138 139 140
Testosterone ELISA 141
Total plasma testosterone levels were measured in wild-type and mutant mice at approximately 3 142 months of age using a commercially available ELISA kit (DRG International, USA, EIA-1559) 143 according to the manufacturer's instructions. The analytical sensitivity of the ELISA was 0.083 144 ng/ml, the intra-assay variation 3.2% and the inter-assay variation 6.7%. 100µl of blood was 145 collected from the vena cava and mixed with 2 µl of 0.5M ethylene-di-amine-tetra-acetic acid 146 test, a non-parametric test was used (two-tailed, Mann-Whitney). A P-value of less than 0.05 was 168 taken to be significant. 169 170
Results. 171
The Mfsd14a 
Mfsd14a
tm1Coll ) were generated and tested by RT-PCR to confirm a null allele (Fig. 1B) .
RT-PCR 175
between exons upstream of the insertion (P1F/P3R) generated the expected 195bp product in both 176
wild-type and mutant mice (Fig. 1B) . RT-PCR across the insertion site, between exons 3 and 5, 177 generated a 197bp product in wild-type mice and a 69bp product in the mutant mice (Fig. 1B) . 178
Sequence analysis of the PCR product from the mutant mice indicated that this was from mRNA 179 that had spliced between exon 3 and 5. RT-PCR using a forward primer located within the 70bp 180 deleted sequence and a downstream primer (P4F/P5R) gave an 119bp product in wild-type but no 181 product in the mutant mice indicating that no wild-type transcripts were present in the mutant mice 182 (Fig. 1B) . All PCR products were sequenced to confirm their identity. 183
184
The disrupted Mfsd14a allele contains an IRES-LacZ reporter gene, which is expressed from the 185 endogenous Mfsd14a promoter (Fig. 1A) . This allows the expression profile of the Mfsd14a gene to 186 be examined at the cellular level by staining tissues for -galactosidase activity. This is useful as no 187 suitable antibodies are available to visualise expression of the MFSD14A protein by 188 immunohistochemistry. Expression of the Mfsd14a gene was confirmed in the hippocampus (Fig.1D ) as previously reported (Matsuo, et al. 1997) . Mfsd14a gene expression was also found in the 190 testes with the distribution of -galactosidase activity often spread throughout the seminiferous 191 tubule and highest close to Sertoli cell nuclei (Fig. 1D, arrowed The Mfsd14a mutant mice were overtly healthy with no obvious signs of any detrimental 195 phenotype. Mutant females were fertile but mutant males were sterile. The average body weight of 196 the mutant male mice was slightly slower than that of age-matched wild-type mice (26.6 ± 2.0g 197 versus 28.9 ± 1.8g, Table 1 ). Consequently, tissue weights were normalized relative to body weight 198 (Table 1 ). There were no significant differences between wild-type and mutant mice in the relative 199 weights of the liver, kidney, testis, epididymis or vas deferens but the weight of the seminal vesicle 200 was slightly less in the mutant mice (Table 1) . Free testosterone levels were not significantly 201 different between mutant and wild-type mice although two wild-type mice had higher levels than 202 the rest of the cohort (Fig. 2A) . The mutant mice showed normal copulatory behaviour and 203 produced vaginal plugs after mating (Fig. 2B) . The number of sperm that could be isolated from the 204 vas deferens was around 100-fold lower in the mutant mice (5.0 x 10 6 ± 1.0 x 10 6 ) compared to 205 wild-type (4.3 x 10 8 ± 5 x 10 7 ) (Fig. 2C) . Quantitation of each type of germ cell in the testes at stage 206 V of the seminiferous cycle indicated that there was no difference in the number of spermatogonia, 207 primary spermatocytes or round spermatids but the number of elongating spermatids was 208 significantly lower in the mutant mice (Fig. 2D) . 209
210
Histological analysis of the testes of mutant mice showed that the process of spermiogenesis was 211 severely disrupted. The mutant mice showed dysmorphic sperm head formation with abnormal 212 nuclear condensation (Fig. 3B ) compared to the condensed heads of wild-type mice (Fig. 3A,  213 arrowed). The mutant sperm showed formation of a tail however (Fig. 3J) . The number of sperm in 214 the epididymis of the mutant mice was less than in wild-type mice ( Fig. 3C and D) and the round-215 headed shape of the sperm with residual cytoplasm was clearly visible. Toluidine blue staining for 216 glycoproteins showed that the mutant sperm did not form an acrosome compared to the normal 217 acrosomal cap over the nucleus of the wild-type sperm (Fig. 3G-H) . At stage I of the seminiferous 218 cycle, prior to any acrosome development, step 1 spermatids appeared identical in wild-type and 219 mutant testes (Fig. 3E and F) . In contrast, at stage VI of the seminiferous cycle, the acrosome is 220 clearly visible in the wild-type mice (Fig. 3G) but no acrosome has formed in the mutant mice (Fig.  221   3H) . Small vesicles that stain for glycoproteins are found in the mutant mice suggesting a defect in 222 vesicular trafficking from the Golgi and/or fusion with the developing acrosome. Sperm isolated 223 from the vas deferens of mutant mice showed a round head, irregular shaped nucleus and absence of 224 a distinct mid-piece compared to wild-type sperm ( Fig. 3I and J) . Wild-type sperm showed normal 225 localization of mitochondria to the mid-piece ( Fig. 3 K and M) . In contrast, mutant sperm failed to 226 localize mitochondria to the mid-piece and mitochondria were often found in the head region (Fig.  227 
L and N). 228 229
Ultrastructural analysis by transmission electron microscopy confirmed the light microscopy 230 findings that the morphological changes associated with spermiogenesis were disrupted in the 231 mutant mice. At Step 1 of spermiogenesis, no obvious difference was observed between normal and 232 mutant spermatids (Fig. 4A ). By Step 6 of spermiogenesis, wild-type sperm showed the early stage 233 of acrosome formation with a single pro-acrosomal granule within the growing acrosome (Fig. 4B) . 234
In contrast, the mutant mice show no acrosome formation and the presence of several small pro-235 acrosomal granules (Fig. 4B) . Both wild-type and mutant mice show a thickening of the nuclear 236 membrane opposite the Golgi complex that gives rise to the acrosomal vesicles suggesting correct 237 formation of the acroplaxome. Mitochondria were found in the head of both wild-type and mutant 238 sperm at this stage. By Step 9 of spermiogenesis, the sperm heads showed considerable 239 morphological remodelling, with condensation and elongation of the nucleus, and removal of 240 excess cytoplasm (Fig. 4C) . At this stage, the manchette, a microtubule structure involved innuclear reshaping (Yoshida, et al. 1994 ) was clearly visible. At Step 9, mutant sperm had no 242 acrosome formation and the nuclear remodelling was disrupted with abnormal vacuolation of the 243 nucleus but they showed formation of the manchette (Fig. 4C) . By Step 13, wild-type sperm 244
showed the typical elongated sperm head shape with a clear acrosome (Fig. 4D) . In contrast, the 245 mutant sperm at this stage had irregular shaped nuclei with mitochondria in close proximity and no 246 obvious acrosome formation (Fig. 4D) . Mutant sperm isolated from the epididymis showed round 247 heads with residual cytoplasm (Fig. 4D) while the wild-type sperm had condensed heads with clear 248 acrosomal caps and no residual cytoplasm. 249
Discussion 251
We have shown that the Mfsd14a gene is required for the final stages of spermatogenesis in mice, 252 namely the structural remodelling of round spermatids into functional spermatozoa. Mutant mice 253 have severely reduced sperm numbers in the vas deferens and are sterile. While this reduction in 254 sperm numbers alone would render the mice sub-fertile, the lack of an acrosome will also prevent 255 egg fertilization as the acrosome contains enzymes required for penetration through the zona 256 pellucida of the egg. The number of sperm observed in the cauda epididymis is also reduced 257 suggesting that release of sperm into the seminiferous tubules (spermiation) is impaired. 258 in round-headed sperm lacking acrosomes (Yildiz, et al. 2006) . -glucosidase hydrolyzes 272 glucosylceramide, a glycolipid, into glucose and ceremide. In the Gba2 mutant mice, 273 glucosylceramide accumulates in the Sertoli cells but it is not known if this is derived from the 274 germ cells or produced by the Sertoli cells themselves. Whatever the mechanism, the Gba2 mutant 275 mice illustrate that a Sertoli cell defect can result in globozoospermia. 276
Other mutant mice have been described with defects in acrosome biogenesis and globozoospermia 278 including those with disruption of the Atg7 (Wang, et al. 2014 ), Ck2(Xu, et al. 1999 , 279
Dpy19l2 (Pierre, et al. 2012) , Gopc (Yao, et al. 2002 ), Hrb(Kang-Decker, et al. 2001 , 280
Hsp191 (Audouard and Christians 2011 ), Pick1(Xiao, et al. 2009 ), Smap2(Funaki, et al. 2013 , 281
Spaca1 (Fujihara, et al. 2012) and Vps54 (Paiardi, et al. 2011 ) genes. The similarity in the phenotype 282 of these mutant mice suggests that these genes form a functional network required for the 283 ultrastructural changes to the sperm head. One common cell process in which several of these 284 proteins are involved is in vesicle trafficking in the cell. During acrosome formation, vesicles bud 285 from the trans-Golgi network and bind to the acroplaxome, a mesh of cytoskeletal fibres covering 286 the surface of the sperm nucleus (Kierszenbaum and Tres 2004) . These pro-acrosomal vesicles 287 eventually fuse to form the acrosome. PICK and GOPC co-localize to trans-Golgi vesicles (Xiao, et 288 al. 2009 ) and PICK1 as been shown to bind to both GOPC and CK2 The Atg7 gene encodes a 289 protein that is required to localize GOPC to the trans-Golgi vesicles (Wang, et al. 2014) . Similarly, 290
Smap2 encodes a GTPase activating protein that interacts with clathrin (Natsume, et al. 2006) and is 291 required for vesicle budding from the trans-Golgi network (Funaki, et al. 2013) . Hrb also encodes a 292
GTPase activating protein which is localized to the cytoplasmic side of proacrosomal vesicles and 293 is involved in their fusion (Kang-Decker, et al. 2001) . The Vps54 gene encodes a vesicle sorting 294 protein involved in retrograde transport of endosomes to the trans-Golgi network. chromatin compaction during spermiogenesis with defective transport of protamines into the 311 nucleus (Yassine, et al. 2015) . Based on these data, one hypothesis is that MFSD14A is required for 312 uptake of a sugar (eg mannose) from the bloodstream by the Sertoli cells, which is then used by 313 spermatids for glycosylation of key molecules required for acrosome formation. It may be 314 informative to perform a glycomics analysis of the Mfsd14a mutant testes to gain an insight into the 315 substance that is transported by this protein. 316
317
Our data show that the Mfsd14a gene is required for the structural remodelling events required to 318 produce spermatozoa in mice. The MFSD14A protein sequence is very similar between mice and 319 other species including mammals (99.8%), reptiles (95%), amphibians (93%), birds (84%) and fish 320 (82%). This suggests that the function of this protein is conserved across several classes of 321 vertebrates. The mutant mice produce reduced sperm numbers with round heads very similar to 322 those observed in infertile men with rare cases of globozoospermia (Dam, et al. 2007a) . The 323 similarity between the sperm from the mutant mice and those produced in human globozoospermia 324 extends to a failure to produce the acrosome and to correctly localize mitochondria to the mid-piece 325 of the sperm. These close similarities suggest that some globozoospermia men will have mutations 326
in the MFSD14A gene and we are currently screening individuals for this mutation. 327
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